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Electron-phonon and electron-electron interac- 
tions are in competition in determining the prop- 
erties of molecular charge transfer conductors 
and superconductors. The direct influence of 
phonons on the electron-electron interaction was 
not before considered and in the present work 
the coupling of intramolecular modes to electron 
electron interaction (J7-vib interaction) is inves- 
tigated. The eff"ect of this coupling on the fre- 
quency of the normal modes of a dimer model 
is obtained and it is shown that frequency shifts 
of the Raman active modes are directly related 
to this coupling. The results are used to obtain 
the values of the U-vih coupling constants of in- 
tramolecular modes of a representative molecule 
of charge transfer conductors, like tetramethylte- 
tratiafulvalene. Consequences of this coupling on 
the electron pairing are also suggested. 

The interesting electronic and optical behaviors of or- 
ganic TT-conjugated systems derive from their low energy 
electronic properties. One recalls, for example, the su- 
perconducting properties of some charge transfer molec- 
ular crystals or the luminescent properties of some tt- 
conjugated polymers used for producing light emitting 
diodesE The interaction of electrons with phonons has 
to be considered, in particular for these small band sys- 
tems, as important as the Coulomb interaction between 
the TT electrons. In fact some properties, like a low sym- 
metry grcmjBd state due to a Peierls or a spin-Peierls 
transition,Qi3 derive from the electron-phonon interac- 
tion, but other properties like the charge transfc^ excita- 
tions are dominated by the Coulomb interaction. □ On the 
other hand it is not available a satisfactory model for the 
supercondunting properties of these systems based on a 
well defined interaction. 

Hubbard or extended Hubbard models have been ex- 
tensively used for describing the electronic properties 
of TT-conjugated systems since they allow to describe 
the electron-electron interaction beyond the mean field 
approximation.El Electron-phcuipp interaction has been 
included in guch HamiltoniansQ^tl on the basis of the Hol- 
stein modelJ which considers the dependence of the site 
energies on the mira-molecular normal modes and of the 
SSH model,E3 derived from the Peierls model,EiJ which 
takes into account the dependence of the transfer inte- 
grals on the mier-molecular modes. It is the aim of this 
paper to find evidences of the possible dependence of the 
intrasite Coulomb interaction of the Hubbard model on 
the mira-molecular vibrations {U-vih interaction). This 



interaction can be of direct importance for understanding 
the dynamic of electrons in low dimensional systems like 
organic charge transfer superconductors since it can favor 
the pairing of electrons if the modulation of the Coulomb 
interaction is comparable to that of the interaction itself. 

The simplest model for studying the U-vih interaction 
is a half-filled charge transfer dimer with two identical 
molecules, namely two electrons on two sites. Since it 
is well known that one can easily obtain charge trans- 
fer dimers of radical molecules in solution, one has also 
the possibility of directly verifying the results of the 
model. We will consider in particular the cation radicals 
of tetramethyltetrathiafulvalene (TMTTF''"), a molecule 
which is present in many charge ixansfer crystrals and in 
one superconducting compound.EHI 

The Hubbard Hamiltonian for the dimer is 

H ^eY^ n, + i^(al_^a2,^ -f 4,<Tai.<T) 
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where e is the site energy and can be taken as zero, t is the 
hopping integrals and U is the intramolecular Coulomb 
interaction. 

The interaction with the intramolecular normal modes 
of vibration is introduced by expanding, to first order, 
e and U on the basis of the normal modes. Because of 
the symmetry of the dimer, the following coordinates, 
for each Qa intramolecular normal mode, are used Qf — 
2-i/2(Qc.,i + Qa,2) and = 2-^^^Q^,i - Q^^^)- On 
this basis the following two terms are added to Eq. |l|: 
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where ga = {de/dQa)o is the coupling constant based on 
the Holstein model and = {dU/dQa)o is that for the 
U-vih interaction. 

The contribution coming from the Holstein mechanism 
involves only the coordinates which, by symmetry, 
can be observed in the infrared spectra, whereas the U- 
vib interaction affects also the Qf coordinates which are 
Raman active. Previously, attention was directed in par- 
ticular to the infrared spectra where large and important 
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effects have been observed.lii However, one can see that 
it is in the Raman spectra that one may find the sign 
of the U-vih interaction and it is in particular to these 
spectra of the charge transfer dimer that we direct our 
attention. 
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FIG. 1. Frequency shift of the infrared active mode as 
a function of with (7=1.0 eV, t=0.2 eV and gc^^O.l eV. 

The evaluation of the electron-vibration interaction 
strength can be obtained from the frequency shifts of the 
vibrational modes observed in the infrared and Raman 
spectra. The case in which only the Holstetn mechanism 
is present has already been considered .ollj In this case 
the vibrational shift can be calculated for the infrared 
active modes. The only difference one should con- 
sider in the present case for these coordinates is that the 
coupling constant for the lOrth mode change from ga to 

can now be rewritten in a 



(.9a + 5a /2)- The resuh 
more convenient form as: 
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huJCTihuJCT + |Ast|) 

where huja and hujin are the unperturbed and per- 
turbed energy, respectively, of the a-th mode, fioJcT = 
U /2 + {U"^ / ^t^Y/"^ is the energy of the charge transfer 
excitation of the dimer and Ast = C//2- (C/V4 + 4i2)i/2 
is the energy separation between the singlet ground state 
and the triplet states. One finds that a coupled mode 
shifts to lower frequencies. 

The frequencies of the Qf modes, which can be ob- 
served in the Raman spectra, were previously considered 
as the frequencies of the unperturbed modes since these 
modes were not involved in the electron-vibration inter- 
action. Now, if U-vih interaction is present, these modes 
are nobonore unperturbed and following the derivation of 
Eq. ^,ll3 one finds that their vibrational energy shift are: 



A/j ~ huJa — hujf 
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FIG. 2. As for Fig. ^ but for the Raman active Qf mode. 



The reference, unperturbed state, which defines Tiuja, 
must now be the isolated radical molecule, namely the 
situation in which the charge transfer excitation is not 
present. 

Before looking at the experimental spectra it is im- 
portant to obtain some indications about the vibrational 
frequency shifts predicted by the model. Figures |l|and| 
show the calculated frequency shifts for the infrared {Q^) 
and Raman (Qf ) modes, respectively, vs. the coupling 
constant g]^ for values of the other parameters charac- 
teristic of a charge transfer system: [7=1.0 eV, t—Q.2 eV 
and 50=0.1 eV. 

One notes that the shifts for the infrared mode are 
more than one order of magnitude larger than those cal- 
culated for the Raman mode. The calculation shows that 
one can observe vibrational shift as large as 100 cm^^ in 
infrared, as it was found many times,t3 but that in the 
Raman spectrum one can predict vibrational shifts of the 
order of a few wavenumbers. This could be the reason 
why there have not been observations of frequency shifts 
of the Raman active modes for segregated systems like 
the dimer we are considering. 

The small frequency shift one calculates for the Raman 
mode suggests care in obtaining the experimental data. 
In particular it is important that both the unperturbed 
and the perturbed frequency can be recorded using the 
same sample and in the same experiment so that to min- 
imize possible influence of the experimental conditions. 
The opportunity of doing such an experiment is given by 
the equilibrium between the isolated molecules and the 
charge transfer dimers, which is present in solution of 
radical molecules like TMTTF+. From the absorptions 
in the visible and near-infrared spectral regions it is easy 
to identify the presence ofrtiie isolated molecules and of 
the charge transfer dimers .E3 

Figure shows the electronic spectra of a sulfolane so- 
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FIG. 3. Electronic spectrum of TMTTF+ in sulfolane. 
Both the transitions of the monomer (670 and 460 nm) and 
of the dimer (805 (CT), 575, 417 nm) are observed. 

lution of TMTTF+ radical cation in which the electronic 
transitions of the monomer and of the dimer are easily 
recognizable. The absorption at longer wavelength (805 
nm) is the charge transfer excitation of the dimers. The 
electronic excitations at 670 nm and at 460 nm are those 
of the monomer and they shift to shorter wavelength (575 
nm and 417 nm) when the dimer is formed.ll3 Since the 
absorption bands of the monomer and of the dimer are 
found at sufficiently different energies, one can obtain the 
Resonance Raman spectra of the two species using the 
appropriate excitation laser frequency. One finds that 
the Krypton laser lines at 568 and at 647 nm are in reso- 
nance with the electronic transitions of the dimer and of 
the monomer, respectively. 

The same equilibrium between the monomer and the 
dimer can be found using dimethylsulfoxide (DMSO) 
as solvent. We have also obtained samples in which 
the dimers of TMTTF"*" are embedded in a polymer 
like PMMA. In these cases, however, the equilibrium is 
shifted almost completely toward the dimers and it is not 
possible to obtain both the spectrum of the monomer and 
of the dimer using the same material. 

The Raman spectrum of TMTTF"*" shows two strong 
bands at 530 and at 1430 cm~^, and another one at 
1057 cni^^. The bands have been assigned as ag viq, 
Qg Ui and tcf^n internal vibration of the methyl groups, 
respectively.!!!! ag i^io was described as a displacement of 
the internal C-S bonds whereas ag was related to the 
stretching of the internal C=C bond. From the infrared, 
data of dimerized TMTTF+ systems it was concludedtl! 
that these two normal modes were strongly coupled to the 
charge transfer excitation since two strong new bands, 
which were not expected for the isolated molecule, can 
be observed in the infrared spectra and assigned to the 



infrared activation of these two normal modes. 

The Raman spectra of the solutions have been 
recorded by using a Jobin-Yvon multichannel spectrom- 
eter (S3000) equipped with a CCD camera (Astromed) 
cooled at liquid nitrogen. The spectra of the solutions 
were obtained at room temperature with a rotating cell 
for liquids to avoid the decomposition of TMTTF+ due 
to a poor dissipation of the energy of the laser beam. 
The solutions were prepared by using (TMTTF)C104 
and were flushed with nitrogen to eliminate the presence 
of oxygen. We used about 40 mW and a beam waist 
estimated to be 200/im. It was verified that there was 
no decomposition of the solutions by recording the UV- 
Visible spectra after the Raman measurements. It was 
found that the reproducibility of the frequencies of the 
spectra was better than 1 cm^^. 

The spectra of the sulfolane solutions showed two dif- 
ferent behaviors for the ag vio at about 530 cm"-'^ and for 
the ag Vi at about 1430 cm~^. The first band at 530 cm^^ 
showed a small positive shift of less then one wavenum- 
bers when the exciting line was changed from 647 to 568 
nm, namely from the resonance with the monomer to 
that of the dimer. On the contrary, the second band, re- 
ported in Figure ^ was found at 1435.1 cm~^ when the 
resonance was with the monomer electronic transition 
and at 1428.6 cm~^ when the resonance was with the 
dimer one. Therefore in this case one finds a frequency 
shifts of -6.5 cm^^. The fitting of the bands with gaus- 
sian functions showed that a single band was present in 
every case without a significant variation in the widths. 

The same situation was found when the Resonance 
Raman spectra of the DMSO solutions were recorded. 
In this case the frequencies of the modes were different 
due to the different environment (for the monomer we 
observed 524.1 and 1430.3 cm~^ for ag viq and ag re- 
spectively). However, we found that the frequency shifts 
of the two modes were similar to those of the previous 
situation with a small positive shift of 1.2 cm~^ for ag 
1^10 and a negative shift of -5.0 cm^^ for ag v^. 

The evidence was, therefore, that a significant shift is 
observed, when the dimer is formed, only for the mode 
related to the stretching of the central C=C bond of the 
molecule. The observed frequency shift is in agreement 
with the theory prediction of a small negative shift for 
a normal modes coupled with the charge transfer excita- 
tion. 

However, to rule out the possibility that the forma- 
tion of the dimer may induce some variation, not related 
to the charge transfer excitation, which could influence 
the vibrational normal modes, we have recorded the Ra- 
man spectra of the solution and of the solid of the neutral 
molecule. The crystal structure of the neutral molecule is 
not available but from these spectra one could reasonably 
obtain some indications about the difference between an 
almost free molecule in solution and one which is in close 
contact with other molecules. The ag mode has been 
observed, for the neutral molecule, at 1538 cm~^ for the 
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FIG. 4. Raman spectrum of the ag V4, mode of TMTTF+. 
The peak at higher frequency has been recorded with the 647 
nm exciting laser hne of a Krypton laser in resonance with 
a monomer electronic transition, whereas that at lower fre- 
quency has been recorded with the line at 568 nm, in reso- 
nance with a dimer transition. The dotted lines are fitting of 
the experimental data with a single gaussian function. 

solid at about 20 K.Q One finds that, at room temper- 
ature, its frequency is 1532.5 cm~^ for the crystalline 
material and less than one wavenumber higher for the 
solution in carbon sulfide in which the neutral molecule 
dissolves sufficiently. This can be taken as an indication 
that the aggregation alone has not a significant influence 
on the frequency of the normal mode related to the C=C 
central bond. 

By using Eq. ^ one can estimate the coupling con- 
stant for ag Vi. The frequency of the charge transfer 
excitation is readly found in the near infrared spectrum 
where it can be located, below all the intramolecular elec- 
tronic transitions, at 805 nm. AgT, the energy separation 
between the ground state and the triplet states, can be 
measured in an EPR experiment in which the intensity 
of the lines associated to the Boltzman population of the 
triplet states, is measured against temperature. For the 
dimers of-JMTTF"'' these magnetic measurements are 
available. t3 The dimers were embedded in PMMA where 
one can verify that almost only the dimeric species is 
present. It was found that A5T — 0.25 eV. 

These data allow one to find \gY\ — 256 ±17 meV, 
considering the minimum and maximum observed Ra- 
man shift. With this value one can also find the value for 
the Holstein coupling 54 by using Eq. |^ for the frequency 
shift of the infrared normal mode. In this case it is also 
important the relative sign of the two coupling constants 
(74 and which, however, cannot be determined on the 
basis of the above equations. Therefore one takes into 
account that the sign of the two coupling constant may 
be different. 

The frequency of the infrared mode was already 
found to be 1361 cm^^ for a solution of dimers of 



TMTTF"*" in DMSO0 Since the frequency of the un- 
perturbed mode observed in the Raman spectrum of the 
DMSO solution is 1430.3 cm^^, one finds that the fre- 
quency shift for Q"^ is 69.3 cm~^. This shift is consistent 
with the predictions reported above on the basis of the 
dimer model and allow us to calculate (74. 

One finds that if the two coupling constant have the 
same sign |(74| = 32 ± 8 meV whereas in the case of dif- 
ferent signs |(74| = 285 ± 8 meV. The reported errors are 
only indicative of the large and small values of g^ . Pr|& 
viously, the value of |g4| was reported to be 120 meV.Ej 
Therefore, we find that the new estimate for g^ are very 
different from the previous ones and this could be impor- 
tant for the dynamic of the electron transfer between the 
molecules. 

In any case one finds a large , namely an impor- 
tant dynamic modulation of the correlation term of the 
Hubbard Hamiltonian {U) which can be evaluated, from 
the value of Tiujct and the value of Ast to be 1.29 eV. 
This situation is very interesting since it can be impor- 
tant for the formation of local pairs of electrons and 
this opens the way for an explanation of the supercon- 
ducting properties of organic charge-transfer salts follow- 
ing the condensation of bipolarons.E3 One should recall, 
however, that such a superconducting ground state was 
never observed for a half-filled charge transfer compound 
and that-this property was only found for quarter filled 
systems. El In this case the relevant Coulomb interaction 
is not U but V, namely the interaction between electrons 
on nearest neighbor sites, since there is one electron, or 
hole, on every second site . Therefore one could sug- 
gest that in this case it is the modulation of V which is 
important for a pairing mechanism (y-vib interaction), 
a modulation that can derive both from the intra- and 
the mter-molecular vibrations. Values of V , for charge 
transfer compounds, haise been found to be of the order 
of the transfer integraHEl and one can speculate that the 
modulation could be very large, due to the coupling to 
both type of vibrations, determining a strong dynami- 
cal pairing of electrons on neighboring sites. It would be 
therefore very important to obtain values of this type of 
electron-vibration interaction. 

In conclusion, we have obtained, for the first time, 
experimental evidences that in organic charge transfer 
compounds there is a coupling between electronic cor- 
relation and intramolecular vibrations (U-vih interac- 
tion). In particular we have studied the Raman spec- 
tra of dimers of a representative molecule like TMTTF+ 
and found that its Ug normal mode strongly modulates 
(I (74' I = 256 ± 17 meV) the value of the intramolecular 
Coulomb interaction. This result shows that also the 
value of the coupling constants related to the Holstein 
mechanism (ga) have to be reconsidered. The value of 
g^ seems to be too small to conclude that a pairing of 
electrons in organic superconductors follows from this in- 
teraction, but suggests that experimental data about the 
same mechanism but involving intersite Coulomb corre- 
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lation (V-vib), have to be obtained. 
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